Results
To study cell-autonomous functions of candidate genes for their roles in PN wiring specificity, we used the MARCM strategy (Lee and Luo, 1999) to generate positively labeled homozygous mutant clones in an otherwise unlabeled and largely heterozygous genetic background. We focus our analysis on projection neurons that express GH146-GAL4, which accounts for ‫09ف‬ of the estimated 150-200 PNs (Stocker et al., 1997 , which appears to be a complete loss-of-function allele: it contains a stop codon in the extracellular domain, is nearly protein null when assayed with an antibody against an extracellular epitope before the stop codon, and it behaves genetically as a null in embryonic nervous system patterning (Iwai et al., 1997).
N-cadherin is widely expressed in the olfactory system. It is concentrated in the developing adult-specific antennal lobe from early pupal stages, with contributions from both PN dendrites and, later on, ORN axons ( 1A 2 ). On the other hand, glomeruli appropriate for the lineage are often less fully occupied when compared with wild-type (e.g., VA1lm as indicated by arrowhead in Figure 1A 2 ). There is also a noticeable distortion of glomerular pattern as revealed by staining for a neuropil marker using monoclonal antibody nc82 (magenta in all panels), although in most cases individual glomeruli can still be clearly identified.
To examine dendritic targeting at higher resolution, we analyzed single-cell clones. Our previous analyses have revealed that single-cell clones induced during the first 24 hr after larval hatching invariably belong to the DL1 class ( To analyze DA1 class of single-cell clones, we performed MARCM analysis using Mz19-GAL4, which labels three specific glomerular classes of PNs: VA1d and DC3 from the adNb lineage and DA1 from the lNb lineage (Jefferis et al., 2004). Therefore, lateral single-cell clones generated using Mz19-GAL4 will invariably belong to 
Dendritic Phenotypes
We used We found that the dendrites of Mz19-positive PNs have However, we did notice one qualitative distinction: refined normally even though ORNs are predominantly dendritic branches often shoot out of the developing N-cadherin Ϫ/Ϫ (compare Figures 3A 4 and 3A 3 ), despite antennal lobe in mutants (arrows in Figure 2A 2 ; 4 out of disruption of glomerular development as judged by 4 DL1 single-cell clones), which was not observed in nc82 staining. This experiment strongly suggests that any of the wild-type samples. As development pro-N-cadherin in ORN axons is not essential for PN denceeds, wild-type PNs gradually restrict their dendrites to dritic refinement, in contrast to its requirement in PNs innervate discrete glomeruli (Figures 2A 1 -2D 1 ) , whereas for this process ( Figure 2B) (Lee et al., 2000) . In this strategy, the tubulin-Gal80 transgene is introduced on the same chromosome arm as the N-cadherin mutant, distal to the FRT site. In this way, the GFP-labeled cells are now homozygous wild-type, whereas the invisible twin spot of the labeled clone (the sister cell of the labeled clone after mitotic recombination, and all its progeny) is N-cadherin Ϫ/Ϫ . We induced mitotic recombination at an early larval stage (0-8 hr after larval hatching). At this stage, all neuroblasts are arrested for their proliferation Figure 1C 2 ) . Indeed, we observed that DL1 reverse MARCM clones stages, in about 10% of cases we generated an anterodorsal and a ventral neuroblast clone in the same brain show significant dendritic spillover into neighboring glomeruli including DL5 and DL2 ( Figures 4C and 4D , comhemisphere. In the brain hemispheres containing double neuroblast clones, all the GH146-positive PNs innervatpare with Figure 4B ). Moreover, in 6/16 clones examined, there are also dendritic processes shooting out of the ing VA1lm are N-cadherin Ϫ/Ϫ and show severe dendritic overspill (data not shown). However, the axonal arboriantennal lobe (arrow in Figure 4D ), a phenotype never (Figures 5B and 5C ; n ϭ 3 and 6, respectively). These observations indicate that N-cadherin does not affect VM7 PNs (n ϭ 5/5), whereas the more medial dorsal branch and the main lateral branch are not affected the initial extension of the dorsal axon branches, but rather functions in stabilizing them. (Figure 5C 2 ). These results suggest that N-cadherin affects a highly specific subset of PN dorsal axon
We also tried to determine the origin of the exuberant branching phenotype of N-cadherin mutant axons in the branches in the lateral horn.
In the mushroom body calyx, wild-type PNs usually mushroom body calyx. The miniature scale and numerous filopodia-like structures of DL1 collaterals at pupal exhibit a few collateral branches that end in large boutons likely to be synapses (Yasuyama et al., 2002) . stages made it impossible for us to quantitatively assess the axon branching phenotype in the mushroom body N-cadherin Ϫ/Ϫ DL1 clones appear to have more axon terminals and branches than wild-type ( Figure 5B 2 com- calyx during development. However, it appears that there are more axon branches in mutant than in wildpared with Figure 5B 1 ) . We quantified the axon branches and terminals in the mushroom body calyx of wild-type type animals from 36 hr APF ( Figure 6A ). This phenotype persists during later pupal stages (Figures 6B and 6C ). and N-cadherin Ϫ/Ϫ single-cell clones of the DL1 class (of This observation suggests that unlike the axonal phenonormal one dorsal axon branch, there were two dorsal branches in the lateral horn area ( Figure 7D 1 ) . This phetype in the lateral horn, the branching phenotype in the mushroom body calyx may arise at an earlier stage durnomenon was also occasionally observed in wild-type DL1 single-cell clones during pupal stages, but never ing development. In the first case, N-cadherin appears to play a late stabilization role, while in the calyx in adult (data not shown; Jefferis et al., 2004). This phenotype is consistent with the idea that N-cadherin stabi-N-cadherin may be required from early stages to limit high-order branching.
lizes the dorsal axon branches in the lateral hornperhaps a higher level of N-cadherin can stabilize branches that would otherwise be transient.
Transgenic Expression of a Single Isoform of N-Cadherin Rescues All Phenotypes
Remarkably, when N-cadherin (7a, 13a, 18a) was introduced into N-cadherin Ϫ/Ϫ mutant MARCM clones, we The N-cadherin locus in the Drosophila genome potentially encodes eight different protein isoforms via alterfound that PN phenotypes were rescued in all three structures (antennal lobe, mushroom body calyx, and native mRNA splicing (FlyBase). Specifically, each of exons 7, 13, and 18 has two alternative forms, namely lateral horn). In both adNb and lNb mutant clones expressing UAS-N-cadherin (7a, 13a, 18a), PN dendrites 7a and 7b, 13a and 13b, and 18a and 18b, with exons 7 and 13 corresponding to extracellular cadherin repeats are restricted to the appropriate sets of glomeruli (Figures 7A 3 Figures 7E and 7F ). addition to its ability to generate positively labeled clones of mutant or wild-type PNs, MARCM can be used These data indicate that diverse N-cadherin isoforms are not necessary for PN dendritic targeting in the to express transgenes only in those same labeled PNs.
We first tested whether MARCM expression of UASantennal lobe, for restricting high order axon terminal branching in the mushroom body, or for stabilizing highly N-cadherin (7a, 13a, 18a) in labeled wild-type PNs would generate any phenotypes. In both neuroblast and singlespecific axon terminal branches in the lateral horn. These rescue experiments also verify that the MARCM cell DL1 clones, expression of UAS-N-cadherin (7a, 13a, 18a) does not result in detectable phenotypes in denphenotypes reported in this study are caused by the mutation in the N-cadherin gene, rather than potential drites ( Figures 7A 1 -7C 1 ) . It also does not cause changes in axonal branches in the mushroom bodies ( Figure 7E N-cadherin (7a, 13a, 18a 
